Abstract We have previously reported that angiotensin receptor blockade reduces reperfusion hemorrhage in a suture occlusion model of stroke, despite increasing matrix metalloproteinase (MMP-9) activity. We hypothesized that candesartan will also decrease hemorrhage associated with delayed (6 h) tissue plasminogen activator (tPA) administration after embolic stroke, widening the therapeutic time window of tPA. Adult male Wistar rats were subjected to embolic middle cerebral artery occlusion (eMCAO) and treated with either candesartan
expression. The combination therapy of candesartan and tPA after eMCAO reduced the brain hemorrhage, and improved neurological outcome compared with rats treated with tPA alone. Further, candesartan in combination with tPA increased activity of MMP-9 but decreased MMP-3, nuclear factor kappa-B and tumor necrosis factor-a expression and enhanced activation of endothelial nitric oxide synthase. An activation of MMP-9 alone is insufficient to cause increased hemorrhage in embolic stroke. Combination therapy with acute candesartan plus tPA may be beneficial in ameliorating tPA-induced hemorrhage after embolic stroke. 
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Introduction
Thrombolytic therapy with tissue plasminogen activator (tPA) remains the most effective treatment for ischemic stroke. Unfortunately, tPA is associated with a significant risk of hemorrhage and this, along with a narrow therapeutic time window, remains an important impediment to widespread adoption of the therapy [1] . It is hoped that combination therapy using tPA and a neuroprotective agent will achieve better outcomes than using either drug alone. Therefore, many neuroprotective agents have been tested in combination with tPA, and, while some of them have been able to protect the vascular unit and inhibit hemorrhage, others may increase hemorrhage [2] . Several recent studies have reinforced the observation that some drugs may increase hemorrhage when combined with tPA [2] . The most recent surprising finding was that of erythropoietin (EPO) in combination with tPA. Although a promising vascular protective agent alone [3] , a recent clinical trial identified an increase in intracerebral hemorrhage and mortality when EPO was administered in combination with tPA [4] . Subsequently, it was reported that EPO promotes extracellular matrix degradation and edema formation in animals treated with tPA [5, 6] . The EPO development story points to the importance of preclinical combination investigations prior to clinical trials, in order to identify potential negative interactions of treatments.
There is growing interest in the link between increased matrix metalloproteinase (MMPs) activation and tPA-associated hemorrhage after ischemic stroke [7] [8] [9] . MMPs are a family of zinc-dependent proteases that degrade the extracellular matrix proteins [10, 11] . Although there are many MMPs, an important role for MMP-9 in particular has been suggested in hemorrhage after stroke. Stromelysin-1 (MMP-3) is a member of the MMP family that deserves particular attention for acute neurotoxicity after intracerebral hemorrhage (ICH) [12] [13] [14] . Moreover, increased MMP-3 in plasma is correlated with the majority of mortality after ICH in humans [15] . More recently, the intracranial bleeding after tPA treatment of stroke in mice was found to be attenuated in MMP-3 null, but not MMP-9 null, mice compared to wildtype controls, implicating MMP-3 in tPA-induced hemorrhage [16] .
The angiotensin II type 1 receptor (AT1R) blocker, candesartan, has long been known to reduce injury due to ischemic stroke [17] [18] [19] and we have shown it to normalize blood pressure (BP), reduce neurovascular damage, and improve outcome in both permanent and transient stroke models [19] [20] [21] [22] [23] [24] . However, the documented increase in the activity of the MMPs due to candesartan treatment, increased concern of a potential negative interaction with tPA. We hypothesized that the combination treatment of candesartan with delayed (6 h) tPA will counteract the tPA-induced brain hemorrhage, despite increasing MMP-9 activity. This treatment will improve the safety and impact of tPA in a rat model of embolic stroke, one of the best-characterized and clinically relevant models of stroke [25, 26] .
Materials and Methods
Animals and Treatment Regimen
Male Wistar rats (330-350 g; Charles River Laboratories, Wilmington, MA) were used according to procedures approved by the Institutional Animal Care and Use Committee (IACUC) of the Charlie Norwood VA Medical Center (ACORP#11-03-032). The study was performed in two separate experiments. Experiment I was carried out to evaluate the effects of combination treatment on neurological outcome, hemorrhage, and infarct size at 48 h postembolic middle cerebral artery occlusion (eMCAO). The groups (N = 8) were: eMCAO ? early (3 h) candesartan (1 mg/kg) treatment only group I (cand only); eM-CAO ? vehicle treatment group II (vehicle only); embolic middle cerebral artery occlusion (eMCAO) ? vehicle followed by tPA (10 mg/kg, IV at 6 h) treatment group III (tPA only); eMCAO ? early (3 h) candesartan (1 mg/kg) followed by tPA (10 mg/kg, IV at 6 h) treatment group IV (cand 3 h ? tPA). Experiment II was carried out to evaluate the effects of combination treatment on the MMP activity and protein expression at 24 h post-eMCAO. This experiment was divided into four groups (N = 5), after eMCAO rats treated with either candesartan (1 mg/kg) alone early at 3 h, tPA (10 mg/kg) alone at 6 h, the combination of candesartan and tPA, or vehicle control.
The dose (1 mg/kg, in saline) of candesartan used in this study was determined from our previous work demonstrating neurovascular protection and improved functional outcome by decreasing the acute stroke induced elevation of BP in a suture model of stroke in Wistar rats [20, 23, 24] .
Tissue plasminogen activator administration: For thrombolytic intervention, tPA (Activase-Genentech, Inc., San Francisco, CA, USA) was dissolved in sterile water and administered intravenously at a dose of 10 mg/kg body weight with a 10 % bolus and 90 % continuous infusion over 30 min started at 6 h after embolism using a Harvard 11 Plus Syringe Pump (Harvard apparatus, USA). After tPA or vehicle administration, rats were returned to their cages. Body temperature was maintained at 37 ± 0.5°C with heating pad duration of surgery. The mortality rate was determined at 48 h. The relatively high dose of tPA was necessary to achieve a fibrinolytic effect in rats similar to that of thrombolytic therapy in humans. Because delayed reperfusion with tPA (10 mg/kg) at 6 h is reported to cause increased hemorrhage and worsen stroke outcome in this embolic model of stroke [5, 27] , it is appropriate to determine the ability of candesartan therapy to add benefit and improve the safety of tPA, widening the therapeutic window.
Rat Model of Embolic Stroke
Preparation of the Clot
The blood donor rat was anesthetized with 1.5 % isoflurane. Fresh arterial blood was withdrawn from the heart by 2 ml syringe. To increase the strength and uniformity of the fibrin rich core of the clot and stability of the occlusion, blood was supplemented with human thrombin (2 mg/mL), and retained in 25 cm of PE-50 tubing for overnight at room temperature and subsequently was stored at 4°C. Five centimeters of the PE-50 tubing containing clot was cut and attached to a system built of two syringes interconnected by 40 cm PE-50 tube filled with phosphate buffer saline (PBS). The clot was continuously shifted from one syringe to the other for 5 min. A single clot 35-40 mm was transferred to a PE-10 catheter filled with PBS.
Surgical Procedure
Male Wistar rats were subjected to embolic middle cerebral artery occlusion (eMCAO) by placement of an embolus at the origin of the MCA, as described previously with slight modification [25, 26] . Briefly, prior to eMCAO, isoflurane anesthesia was induced by 5 % and then maintained at 1.5-2 % during surgery. Temperature was monitored and maintained (37 ± 2°C) during surgery by a homeothermic heating system (Fine Science Tools, Foster City, CA). A modified polyethylene (PE)-10 catheter containing a single fibrin rich clot (3.5 ± 0.5 cm length) was introduced into the external carotid artery (ECA) lumen through a small puncture and advanced into the internal carotid artery (ICA). The clot was gently injected with 100 lL of PBS. Catheter was removed immediately after embolization. After closure of the surgical site, the animals were allowed to awaken from anesthesia and subsequently transferred into the cage.
Cerebral Perfusion Imaging Using Laser Doppler Imaging System
To ensure relative uniformity of the ischemic insult, in a separate sub-set of animals (N = 3), cerebral perfusion was measured using the Periscan PIM 3 System (Stockholm, Sweden). A skin incision was performed, and the skull was exposed and cleaned. Whole brain scan was performed using the PIM3 to measure cerebral perfusion in both hemispheres at baseline, after embolization and after reperfusion. A built-in photo detector assisted with LDPI win software (Perimed Inc) detected the reflected light from moving blood cells within 0.5 cm depth of the cortical surface. Color-coded images were acquired 3 times continuously, and the average CBF was calculated based on the concentration and mean velocity of the blood cells using the LDPI win software. On induction of ischemia, cerebral perfusion decreased to 20-30 %, remaining stable throughout the 6 h of MCA occlusion. Reperfusion was associated with a restoration of blood flow to 80-90 % of baseline values in vehicle-treated control animals (Fig. 1) .
Neurological Assessment
Neurological deficit was evaluated in a blinded manner at 48 h (just before animals were sacrificed) using the Bederson score [28] . An animal with no apparent deficits obtained a 0; the presence of forelimb flexion, 1; decreased resistance to push, 2; and circling, 3.
Assessment of Infarct Size and Hemorrhage
At 48 h after the onset of eMCAO, anesthesia was performed with ketamine 44 mg/kg and xylazine 13 mg/kg administered intramuscularly; animals were then perfused with saline, killed, and their brains were removed. The brain tissue was sliced into seven 2 mm-thick slices in the coronal plane and stained with a 2 % solution of 2, 3, 5-triphenyltetrazolium chloride (Sigma, Chemical Co., St. Louis, Missouri, USA) for 15-20 min. Images of the stained sections were scanned using ImageJ analysis software (Image J, NIH) infarction zones were measured and the percentage infarct size was calculated and expressed as a percentage of the contralateral side ±SEM. Volume calculation with edema correction was performed blindly using the following formula: 100 9 (volume of ipsilateral hemisphere -volume of contralateral hemisphere)/volume of contralateral hemisphere.
Bleeding was quantified using two different methods. 1) A colorimetric hemoglobin detection assay (QuantiChrom Hemoglobin Assay Kit, BioAssay Systems; Haywood, CA) was performed on brain tissue. First, TTC-stained brain samples were separated in contralateral and ipsilateral hemispheres, and homogenized in a 10 % glycerol-Tris 146 buffered saline solution containing Tween-20. Samples were prepared, read at 562 nm using a standard microplate reader, and hemoglobin concentration was calculated according to the manufacturer's instructions. 2) Hemorrhagic occurrence rate (presence of macroscopic bleeding) by visual inspection at the time of sacrifice was also recorded and compared between the treatment groups.
Gelatin Zymography
Substrate-specific zymography for determination of gelatinolytic activity of MMP-9 and MMP-2 was performed on brain homogenates taken 24 h after eMCAO as described previously [20] . The concentration of protein was adjusted equally in all the tissue samples. Samples were then mixed 1:1 with loading buffer (80 mmol/L Tris-HCl [pH 6.8], 4 % SDS, 10 % glycerol, and 0.01 % bromphenol blue) and left standing for 10 min at room temperature. Proteins were separated by electrophoresis in a 10 % SDS-PAGE gel containing 0.1 % gelatin at 125 volts constant current. Gels were then washed to remove SDS with 2.5 % Triton X-100 (Sigma) for 1 h and incubated at 37°C with developing buffer (50 mmol/L Tris-HCl [pH 7.5], 10 mmol/L CaCl2, 0.02 % NaN3) for 36 h. Enzymatic bands were visualized after staining for 1 h with Coomassie blue (BioRad) R-250 for 30 min, and de-stained with three changes of methanol: acetic acid: water (50:10:40). The gel was scanned and the bands of activity were quantified using Image J analysis software (Image J, NIH).
Western Blotting
Brains were homogenized and processed for western blotting as previously described [21] . 50 ug of proteins were loaded in each lane and separated followed by transfer to nitrocellulose membranes. The membranes were blocked using 5 % nonfat milk in TBST (1 % tween 20 in tris buffered saline) and probed with the following antibodies active-MMP-3(1:500, abcam; Cambridge, MA), TNF-a (1:1,000, 1:500, abcam; Cambridge, MA), p-NF-jBp65 (1:500, abcam; Cambridge, MA), p-eNOS/ eNOS (1:1,000, Cell Signaling; Danvers, MA). Expression was assessed by quantification of optical density of respective bands normalized to actin using NIH-image J software.
Statistical Analysis
Calculations were obtained using GraphPad Prism software version 4.0. Data were presented as mean ± SEM. All measurements were assessed with one-way ANOVA, followed by Tukey's test. P \ 0.05 was considered statistically significant.
Results
Candesartan Alone and in Combination with tPA Decreased Hb Content, Incidence of Hemorrhage and Neurological Deficits Delayed administration of tPA (6 h) in the eMCAO model is known to be ineffective at reducing infarct size and results in significant hemorrhage [5] . We used this embolic model to examine the effects of candesartan on tPAinduced severity (Hb content) and frequency of hemorrhage at 48 h after eMCAO (Fig. 2a, b) . The Hb content and occurrence rate hemorrhage were significantly (P \ 0.05) increased in tPA-alone eMCAO group compared to vehicle-eMCAO. Administration of candesartan alone and in combination with tPA significantly (P \ 0.05) reduced the Hb content and incidence of hemorrhage compared to tPA-alone. Furthermore, there was no significant difference in the post-eMCAO mortality rates between combination therapy and tPA-alone groups (31.12 and 36.36 % respectively). Candesartan has been shown to improve neurological recovery in suture models of stroke [20, 23, 24] . To examine whether the combination of candesartan with tPA affects the neurological outcome, we used Bederson score at 48 h after eMCAO (Fig. 2c) . tPA treatment alone in the eMCAO ? tPA group did not attenuate the neurological outcome significantly as compared to eMCAO ? saline. Candesartan alone and in combination with tPA significantly (P \ 0.05) improved neurological outcome as compared to eMCAO ? saline and eMCAO ? tPA groups respectively.
We determined the effects of candesartan and tPA on infarct size at 48 h after eMCAO (Fig. 2d) . There was no difference in infarct sizes between the control group and the tPA-treated groups. However, acute candesartan alone significantly (P \ 0.05) reduced infarction, which is consistent with our published study in suture model of stroke [20] .
Candesartan in Combination with tPA on MMP-9 and MMP-3
Matrix metalloproteinase has been implicated in hemorrhage formation after tPA treatment for stroke [29, 30] . Gelatin zymography was performed to determine the impact of candesartan and tPA on MMP-9 activation. tPA alone did not influence the activity of MMP-9 compared to vehicle alone at 24 h after eMCAO in our model. Further, candesartan alone and in combination with tPA did not significantly alter MMP-9 activation compared with respective controls, although a tendency for increased MMP-9 activity with candesartan was seen (Fig. 3) . On the other hand, recent studies showed that MMP-3 is relatively more important than MMP-9 in the increase of tPAinduced hemorrhage [16] and proteolytic disruption of the blood-brain barrier (BBB) [31] . To examine whether combination therapy of candesartan and tPA affects MMP-3 expression was performed at 24 h after eMCAO. tPA alone significantly (P \ 0.05) increased active MMP-3 compared to vehicle alone at 24 h after eMCAO, suggesting the tPA specific activation of MMP-3. Candesartan in combination with tPA significantly (P \ 0.05) decreased the active-MMP-3 expression compared with tPA alone treated rats (Fig. 4) , suggesting that tPA-induced MMP-3 activation may contribute to hemorrhage.
Candesartan Alone and in Combination with tPA Attenuated NF-jB p65, TNF-a and eNOS Activation NF-jBp65 plays a key role in endothelial cell activation and the inflammatory response after stroke. Further, activation of NF-jBp65 triggers upregulation of MMP-3 and acts as a primary transactivator for tPA-induced hemorrhage [32] . The combination treatment of candesartan and tPA significantly (P \ 0.05) inhibited the activation of NFjB compared with tPA-alone (Fig. 5a) . Activation of NFjBp65 stimulates production of proinflammatory cytokines (e.g. TNF-a). TNF-a was significantly (P \ 0.05) expressed after embolic ischemia and reperfusion with tPA, and candesartan alone and in combination tPA significantly (P \ 0.05) decreased its expression (Fig. 5b) .
Activation of eNOS enhances thrombolysis, improves blood flow and reduces brain hemorrhage in the ischemic brain. Candesartan increases the eNOS protein levels in cerebral ischemia [33, 34] . The combination of candesartan with tPA significantly (P \ 0.05) increased p-eNOS expression at 24 h after eMCAO (Fig. 5c) .
Discussion
The present study demonstrated that candesartan plus tPA combination therapy reduced brain hemorrhage and neurological deficits when treatment was initiated early (3 h) with candesartan and delayed (6 h) tPA in a rat model of eMCAO. Consistent with our previous studies in the suture model [20, 23] , candesartan alone was effective in reducing infarct size compared to vehicle-treated rats. Further, the beneficial effects of combination therapy of candesartan with tPA were associated with reducing the activation of MMP-3, NF-jB and TNF-a, and increasing eNOS activation.
Hemorrhage is an important complication of ischemic stroke and is responsible for most of the mortality associated with acute reperfusion therapy. Clinical and experimental studies have shown that MMPs are rapidly activated after cerebral ischemia [10, 29, 30] . Further, evidence suggests that tPA can upregulate and activate various members of the MMP family (especially MMP-2, MMP-3 and MMP-9) and thereby worsen stroke outcome [10, 16] . Although a broad spectrum of protease inhibitors have been used successfully in pathologic animal models [30, 35] , low specificity and high toxicity, as well as a poor understanding of the role of individual MMPs, hampers their use in human stroke [36] . MMP-9 in particular has been cited as likely to be involved in hemorrhage after stroke because of its significant activation in human and animal stroke [29, 30] . Recent studies have shown that MMP-3, also known as stromelysin-1, plays a more critical role than MMP-9 in tPA-induced hemorrhage in a thrombolytic model of stroke [16] . MMP-3 has broader substrate specificity than MMP-9 [37] . Thus, although MMP-3 can contribute to the activation of proMMP-9 [38] , the roles of these MMPs in hemorrhage induction appear to be different and tPA-specific.
In this study we found that candesartan treatment alone and in combination with tPA reduces hemorrhage without down-regulating MMP-9 activity compared to controls. We recently showed that treatments that reduced MMP-9 activity did not necessarily affect hemorrhage in the suture occlusion model suggesting that other factors contribute to hemorrhage [39] . Together, our findings suggest that inhibition of other proteolytic enzymes such as MMP-3, rather than MMP-9, may be contributing to the reduction of tPA-induced hemorrhage in embolic stroke. MMP-3 has been shown to be activated by neurons and microglia in the ischemic brain [40] . In a thrombolytic model of MCAO using MMP-3 and -9 knock-out mice, Suzuki et al. [16] . demonstrated that tPA-induced hemorrhage was attenuated in MMP-3 -/-but not MMP-9 -/-mice, suggesting that MMP-3 is a more likely contributor than MMP-9 in tPAinduced hemorrhage. In our study, tPA did not alter MMP-9 activity when administered 6 h after embolic stroke, indicating that MMP-9 contributes less than MMP-3 to an increase in tPA-induced hemorrhage. It is also conceivable that the induction of MMP-9 was not affected by tPA treatment because ischemia alone had already induced its maximal expression. Further, we found that tPA treatment increased active-MMP-3 expression after embolic stroke, suggesting that MMP-3 is a potential contributor to tPAinduced hemorrhage, and combination therapy of candesartan with tPA reduced the activation of MMP-3.
Regardless of the mechanisms implicated in the injury cascade following ischemic stroke, it is critical to determine whether the treatments are effective for better neurological recovery. Previous studies have shown that candesartan restored CBF and promoted neurological recovery in suture models of stroke [20, 23, 41] . Restoration of CBF is a promising target for the treatment of stroke [42] . Consistent with the earlier observations, we found that combination therapy with candesartan and tPA significantly improved neurological outcome.
The mechanisms by which candesartan provides vascular protection against tPA-induced hemorrhage after embolic stroke are not completely known. Thrombolysis with tPA upregulates MMP-3 in endothelial cells through the lowdensity lipoprotein receptor-related protein (LRP)/NF-jB pathway, and thereby exacerbates BBB disruption and hemorrhage [43] . Activation of NF-jB also stimulates production of proinflammatory cytokines such as TNF-a. Up-regulation of TNF-a after focal stroke plays a detrimental role in neuronal survival [44] . In contrast, inhibition of TNF-a in acute stroke has been shown to reduce the degree of ischemic injury [45] . Nitric oxide (NO) produced by eNOS is crucial for vascular function and homeostasis, and is considered to be neuroprotective after stroke [46] . Further, increased phosphorylation of eNOS has a broad range of effects, including the promotion of the proliferation of endothelial cells [47] . Candesartan increases eNOS and growth factors, inhibits TNF-a and exhibits vascular protection in experimental stroke [21, 22, 48] . Studies from our laboratory and others have demonstrated robust protective effects of candesartan in a number of ischemic stroke models [20, 23, 24] . Moreover, candesartan regulates the NF-jB signaling pathway that mediates candesartan-induced protection [49] . Thus, our data suggest that the combination therapy decreases NF-jBp65 activation and brain tissue inflammation, which may inhibit MMP-3 activation and upregulate eNOS activation, resulting in protection against vascular damage after ischemia and reperfusion with tPA (Fig. 6) .
Translation of this combination treatment to human stroke patients is limited by recent clinical trials suggesting that the blood pressure lowering effects of AT1 receptor blockade in the acute stroke period could outweigh any benefit (Scandanavian Candesartan in Acute Stroke Trial ''SCAST'') [50] . It is likely that most of the cerebrovascular protective effects of candesartan are mediated through stimulation of the AT2 receptor [51, 52] , however, and direct AT2 receptor agonists are in development and are very promising [53] .
This ''proof of concept'' study focused on the acute-stage treatment of ischemic injury, and did not include long-term follow-up. We have, however, validated our results in a clinically relevant model of embolic stroke designed to prevent hemorrhage and improve the safety and impact of tPA. Further in vitro studies are planned to explore in detail the underlying mechanisms of this therapy in attenuating tPA-induced neurovascular complications (hemorrhage) by looking at tPA-MMP interactions, vascular endothelial apoptosis and neuronal survival. In this study, we used the Bederson scale to evaluate the effect of combination therapy on neurological outcome. The effects of combination therapy on a variety of behavioral tasks (rotarod, grip strength and adhesive removal etc.) previously shown to be highly sensitive to ischemic injury warrant further studies.
In summary, this study showed that candesartan in combination with tPA significantly reduced tPA-associated hemorrhage after focal embolic stroke. The beneficial effects of candesartan-tPA combination therapy may be mediated, in part, by the suppression of MMP-3 activation, inflammation and NF-jB p65, and by increased eNOS activation. These findings will support the development of new therapeutic approaches to protect the brain from vascular damage secondary to tPA administration. Fig. 6 Schematic of experimental hypothesis for the possible mechanisms of candesartan-induced vascular protection. t-PA treatment induces matrix metalloproteinase-3 (MMP-3) through the binding to low-density lipoprotein receptor-related protein (LRP) and the activation of nuclear factor kappa-B (NF-jB) in endothelial cells (ECs) at the ischemic site, and t-PA activates plasmin, which in turn activates MMP-3, thereby contributing to greater vascular injury (i.e., hemorrhage) and neurological deficit. tPA tissue plasminogen activator, TNF-a tumor necrosis factor-a, p-eNOS phospho-endothelial nitric oxide synthase, NO nitric oxide
